














24.39 � 8.89 vs. 14.98 � 4.97; P � 0.05) produced approx-
imately the same amount of lipids in the stretched cultures with
MEK inhibitor and in the nonstretched cultures without the
MEK inhibitor. In other words, inhibition of the MEK/MAPK
signaling pathway reduced the extent of adipogenesis in the
stretched culture group, bringing it to the baseline level of the
nonstretched group without the MEK inhibitor.

The adipogenesis parameters calculated in stretched and
nonstretched cultures with and without PPAR� antagonist are
presented in Fig. 10. Adding PPAR� antagonist to the non-
stretched cultures reduced the %-lipid area per FOV from

10.2 � 3% to 7.6 � 3.5% (Fig. 10A), and in the stretched
cultures, the PPAR� antagonist reduced the %-lipid area per
FOV from 16.34 � 4% to 14.4 � 2% (Fig. 10A), but both
decreases were not statistically significant. Even though LDs
were significantly smaller in the stretched cultures with the
PPAR� antagonist compared with the stretched cultures with-
out the PPAR� antagonist (Fig. 10B; 6.8 � 1.5 vs. 8.26 � 2.35
�m, respectively; P � 0.05), greater numbers of LDs per cell
(Fig. 10C; 15 � 10.7 vs. 12 � 7.4) and greater numbers of
differentiated cells per FOV (Fig. 10D; 16.15 � 6.4 vs. 14.7 �
3.2) both contributed to the similar coverage of the FOVs by

Fig. 6. Nonstretched (A) versus stretched (B) cultures
stained with Oil Red O are shown, 17 days postinduc-
tion of differentiation. Using a red threshold, each
pixel in the original micrograph (left) was converted
into a white pixel and everything else was blackened
(right). Scale bars are 30 �m. Effects of mechanical
stretching on intracytoplasmic lipid accumulation at
day 17 postinduction of differentiation are shown (C),
as measured by spectrophotometry. OD, optical den-
sity. The error bars are standard errors. *P � 0.05.

Fig. 7. Alkaline phosphate staining of non-
stretched (A) versus stretched (B) cultures at
day 17 postinduction of differentiation. Scale
bars are 120 �m.

C436 STRETCHING ACCELERATES LIPID PRODUCTION BY ADIPOCYTES

AJP-Cell Physiol • doi:10.1152/ajpcell.00167.2011 • www.ajpcell.org

 by 10.220.33.2 on July 20, 2017
http://ajpcell.physiology.org/

D
ow

nloaded from
 

http://ajpcell.physiology.org/


lipids. Most importantly, the %-lipid area per FOV in the
stretched cultures, either with or without the PPAR� antago-
nist, was significantly greater than in the nonstretched cultures
without the PPAR� antagonist (Fig. 10A; 10.21 � 3%) (P �
0.05). In the case of the stretched cultures without the PPAR�
antagonist, this latter observation was manifested by signifi-

cantly greater LDs (Fig. 10B; 8.26 � 2.3 vs. 6.58 � 1.66 �m)
(P � 0.05). In the case of the stretched culture with the PPAR�
antagonist, the superior coverage of the FOV by lipids, com-
pared with the nonstretched cultures without PPAR� antago-
nist, was attributed to 1) greater sizes of LDs (Fig. 10B; 6.8 �
1.6 vs. 6.58 � 1.66 �m); 2) greater numbers of LDs per cell
(Fig. 10C; 15 � 10.8 vs. 11.6 � 7); and 3) more differentiated
cells per FOV (Fig. 10D; 16.15 � 6.14 vs. 14.9 � 5). In other
words, the PPAR� antagonist did not suppress the accelerated
lipid production in the stretched cultures.

DISCUSSION

The present study provides clear evidence that static stretch-
ing stimulates adipocyte cultures to produce lipids at a faster
rate. Our results show that both the larger numbers and greater
sizes of LDs contributed to the consistently superior coverage
of the FOV by lipids in the stretched cultures, starting at

Fig. 8. Effects of stretching on expression of leptin. Error bars are standard
errors. *P � 0.05.

Fig. 9. Effects of MEK inhibitor on lipid production in stretched versus
nonstretched cultures at experimental day 17. A: percentage lipid area per
FOV. B: mean LD diameter. C: mean number of LDs per cell. D: mean number
of differentiated cells per FOV. Error bars are 1.96 times the standard error
(95% confidence interval). *P � 0.05 with respect to nonstretched cultures
without the MEK inhibitor.

Fig. 10. Effects of peroxisome proliferator-activated receptor-� (PPAR�)
antagonist on lipid production of stretched versus nonstretched cultures at
experimental day 17. A: percentage lipid area per FOV. B: mean LD diameter.
C: mean number of LDs per cell. D: mean number of differentiated cells per
FOV. Error bars are 1.96 times the standard error (95% confidence interval).
*P � 0.05 when comparisons were made with respect to nonstretched cultures
without PPAR� antagonist.
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approximately day 10 postinduction of differentiation and
stretching. These experimental data hence support our hypoth-
esis presented in the Introduction that adipocytes are mecha-
nosensitive and mechanoresponsive and that the adipose con-
version process is influenced by mechanical stimulation.

Adding PPAR� antagonist reduced the %-lipid area per
FOV in both the stretched and nonstretched cultures, which is
consistent with knowledge regarding the regulation of adipo-
genesis by PPAR� (21, 50, 75). However, in the present study,
this antagonist did not suppress the mechanoinduced acceler-
ated lipid production observed in the stretched cultures. It is
recognized that the PPAR� transcription factor is involved in
the initial phase of cell differentiation, but once cells are on the
adipocyte-phenotype pathway, the functionality of PPAR� is
less or not at all influential. Thus, a downstream effector should
play a role in this process, and hence we examined the
MEK/MAPK pathway and we did find that inhibiting this
pathway had a significant influence on suppressing the accel-
erated adipogenesis in stretched cultures. Indeed, the MAPK
signaling pathway was previously found to be mechanically
activated in various cell types (e.g., vascular endothelial cells,
human fibroblasts, and mesenchymal stem cells) and in re-
sponse to different mechanical loading regimes (e.g., shear
stresses, tensile loading, and static or dynamic hydrostatic
pressures) (37, 41, 49, 54). Importantly, consistent with our
present results, Tanabe and colleagues (72) also found that the
extracellular signal-regulated kinases (ERK) system was me-
chanically activated in 3T3-L1 preadipocytes (considering that
ERK is activated by the MEK). Nevertheless, in the study of
Tanabe and colleagues (72), activating the ERK/MAPK path-
way resulted in inhibition of adipogenesis in the stretched
cultures, which is the opposite type of effect reported here.
Indeed, the ERK/MAPK was found to have both inhibitory (17,
33, 39, 64) and stimulatory (7, 40, 52, 58, 79) effects on
adipose conversion. Considering that Tanabe and colleagues
used a different mechanical loading regime (their cells were
cyclically loaded to 120% or 130% of their undeformed length
at a frequency of 1 Hz for 15 or 45 h), and given that
stimulation of the ERK/MAPK pathway might have opposing
effects in the process of adipogenesis depending on the time of
activation during the differentiation process (57, 71), either
inhibition or acceleration of the adipogenesis could be ex-
pected. In a recent paper, Hara and colleagues (27) examined
the effects of static stretching of up to 120% in mature 3T3-L1
adipocytes that were exposed to the stretch for 72 h. Rho-Rho
kinase was found to be activated and contribute to the accel-
erated adipogenesis in the stretched adipocytes. The different
pathways that were found to be involved in our present study
and in the Hara et al. study could be a result of different
durations of stretching (72 h vs. 17 days), different develop-
mental stages of the stretched cells (mature adipocytes vs.
preadipocytes), and different loading modes (20% static uni-
axial strain vs. 12% equibiaxial strain). Interestingly, even
though two different signaling pathways were found to be
activated by mechanical stretching (MEK/MAPK in our study,
and Rho-Rho kinase in the Hara study), both pathways show
the same influence of accelerating the adipogenesis in stretched
cultures.

There is a debate in the literature regarding the role of the
ERK/MEK pathway in insulin signaling, as there are studies
which report that activation of ERK/MEK stimulates insulin

signaling (28) but others reported lack of influence (44) or an
inhibitory effect (6, 19). Specifically, the accelerated lipid
production observed in the stretched cultures could be an
outcome of enhanced insulin signaling by the MEK pathway,
as suggested by Harmon and colleagues (28), who showed that
MEK inhibitors impair insulin-stimulated glucose uptake in
3T3-L1 adipocytes. On the other hand, this phenomenon might
be driven by other mechanotransduction pathways as well,
such as mechanosensitive channels, in which gating is initiated
in response to mechanical stimuli, resulting in catalyzed trans-
port of glucose across the plasma membrane (34, 58). In this
case, insulin signaling could be unaffected, as suggested by
Lazar and colleagues (44), who found that MEK inhibition
does not block stimulation of glucose utilization by insulin.
The work of Fujishiro and colleagues (19) suggests that insulin
signaling could even be inhibited when the ERK pathway is
activated, as they found that ERK markedly suppresses the
expressions of insulin receptor (IR) and its major substrates
(IRS proteins) as well as that of the glucose transporter
GLUT4. Likewise, Bost et al. (6) concluded that the IRS-1
protein is phosphorylated by the ERK pathway and that this
serine phosphorylation exerts an inhibitory effect on the insulin
signaling. Now that the present study points to involvement of
the MEK pathway in accelerated adipogenesis in stretched
adipocytes, future research should focus on the interactions
between MEK and insulin signaling in such stretched cells.

The understanding that adipocytes respond to mechanical
loading and thus the latter can be used to regulate their
differentiation response and control their lipid production is
consistent with knowledge regarding mechanotransduction in
other cell types, including cardiomyocytes, vascular endothe-
lial cells, smooth muscle cells, skeletal muscle cells, and
osteoblasts, which are all responsive to mechanical loads
(22–24, 36, 78). Moreover, given that adipocytes originate
from the same progenitor cells as do osteoblasts and myocytes,
that is, they all normally mature from mesenchymal stem
cells (11), it is only reasonable to expect that mechanical
signals would influence adipocytes as well. Our present find-
ings clearly indicate that a static (sustained) stretch accelerates
lipid production in adipocytes, which could theoretically cor-
respond, for example, to the increased adipose mass in the
buttocks of obese individuals, where soft tissue stretching
during weight bearing is substantial (13, 48, 70). Contrarily,
cyclic stretches delivered at physiological frequencies appear
to inhibit lipid production, which is rather intuitive given that
physical exercise would generally involve cyclic loading of
soft tissues, and since exercise is associated with a decrease in
fat tissue mass over time. Specifically, there are numerous
reports regarding the inhibiting effects that cyclic stretches
induce, in which the differentiation was examined using Oil
Red O staining. Additionally, RT-PCR, Western blotting, and
immunofluorescence analyses were conducted for identifying
gene and protein expressions which are triggered by such
cyclic mechanostimuli (8, 12, 35, 61–63, 72–74, 77). Tanabe
and colleagues (72, 73) found that cyclic stretching of 3T3-L1
preadipocytes to 120% or 130% of their undeformed length, at
a frequency of 1 Hz, for 15 or 45 h, inhibits differentiation. The
inhibition of the adipogenesis was found to be mediated by
activation of the ERK/MAPK pathway. Later on, Turner and
colleagues (77), who exposed human umbilical cord perivas-
cular cells to equibiaxial cyclic stretch (10% half-sine waves at
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a frequency of 0.5 Hz for 24 or 60 h) observed inhibition of
adipogenesis, however, through the transforming growth fac-
tor-	1/Smad signaling pathway. David and colleagues (12)
assessed the differentiation of stretched versus nonstretched
bovine mesenchymal stem cells as well as of cells from a
C3H10T1/2 pluripotent cell line, and they also found that 300
cycles of elongation per day, to a magnitude of 4,000 �
 at a
frequency of 1 Hz (over a 2-wk period) inhibited differentia-
tion into adipocytes. Sen and colleagues (8, 61, 62) again
documented inhibited differentiation to the adipocyte pheno-
type in the C3H10T1/2 cell line as well as in marrow-derived
mesenchymal stem cells, where cells were cyclically stretched
to 2% strain at a rate of 10 cycles per minute, up to 3,600 total
cycles (over 5 days). The inhibition of adipogenesis in these
studies was reported to occur due to activation of the 	-catenin
pathway. In a later study, Sen and colleagues (63) delivered the
following mechanical loading regimes to C3H10T1/2 cells:
1) low-intensity vibration, which they defined as strains below
0.001% applied at a frequency of 90 Hz; as well as
2) high-magnitude cyclic strains (2%, 0.17 Hz). They observed
that two 20-min sessions, 1 or 3 h apart, of either low-intensity
vibration or high-magnitude strains, suppressed adipogenesis
via activating the 	-catenin; adding more loading sessions
further increased the suppressive effect. Likewise, Tirkkonen
et al. (74) used vibrations to mechanically load human adipose
tissue stromal cells. A 14-day period of 3 g peak acceleration
at a frequency of 100 Hz, which was applied for 3 h per each
experimental day, was similarly found to inhibit differentiation
into adipocytes. Consistently, Huang et al. (35) delivered
equibiaxial peak strains of 10% to rodent stromal cells at a 0.5
Hz frequency for 48 h and observed inhibition of adipocyte
differentiation, but when the peak strain was lowered to 2%,
the suppressive effect was significantly milder, or even non-
existent when the peak strain was reduced to the 0.5% level. To
summarize, different signaling pathways were found to be
mechanically activated following cyclic stretching of adi-
pocytes, preadipocytes, or progenitor cell cultures, and the fact
that multiple pathways were identified could be due to the
differences in experimental protocols and cell types. Combin-
ing our present results that concern static stretching with the
aforementioned studies, which all investigated the effect of
cyclic stretching (8, 12, 35, 61–63, 72–74, 77), we can suggest
that sustained static stretching delivered to adipocytes (within
a certain physiological range) can stimulate them to produce
lipids in vitro, whereas dynamic (cyclic) stretching is able to
inhibit lipid production. Such a potential dual-mechanotrans-
duction response is known to exist in other cell types as well,
e.g., in osteoblasts whose activity is stimulated by cyclic
loading but depressed under static loading (5, 37), being the
opposite of the type of response suggested herein.

Our present results may be the foundation of additional work
that should be focused on monitoring the adipose conversion in
more physiological conditions, for example, using three-di-
mensional tissue-engineered adipose constructs exposed to
different levels of stretch or to compound loading (e.g., hydro-
static pressures and tensile strains applied simultaneously). The
effects of intermittent loading can be studied as well, to
determine whether occasional relief periods in the stretching
are able to counterbalance the accelerated lipid production.
Additionally, it may be worthwhile to study how the adipose
conversion process is influenced by different concentrations of

insulin in the differentiation medium (57) (e.g., in the context
of examining interactions between MEK and insulin signaling)
or by different levels of glucose (e.g., in the context of a
calorie-rich diet), and these biochemical modifications can in
turn be studied in combination with mechanical loading. Such
studies may eventually open new research paths, driven by
mechanotransduction, to explore mechanisms in obesity and
related conditions.

ACKNOWLEDGMENTS

The authors are thankful to Maya Baranes, Ayelet Levy, and Sarit Enzer for
technical assistance in running the experiments. Shira Or-Tzadikario is also
thanked for the technical help with the cell culturing.

GRANTS

This research work is being supported by a grant from the Ministry of
Science and Technology, Israel and the Ministry of Research, Taiwan (A.
Gefen), and also, partially, by a grant from the Ela Kodesz Institute for Cardiac
Physical Sciences and Engineering (A. Gefen).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: N.S. and A.G. conception and design of research;
N.S., R.G., O.S.-Y., U.Z., and D.B. performed experiments; N.S., D.B., and
A.G. analyzed data; N.S., D.B., and A.G. interpreted results of experiments;
N.S. and A.G. prepared figures; N.S. and A.G. drafted manuscript; N.S., D.B.,
and A.G. edited and revised manuscript; N.S., R.G., O.S.-Y., U.Z., D.B., and
A.G. approved final version of manuscript.

REFERENCES

1. Adams M, Montague CT, Prints JB, Holder JC, Smith SA, Sanders L,
Digby JE, Sewter CP, Lazar MA, Chatterjee VK, O’Rahilly S. Acti-
vators of peroxisome proliferator-activated receptor � have depot specific
effects on human preadipocyte differentiation. J Clin Invest 100: 3149–
3153, 1997.

2. Ali AT, Penny CB, Paiker JE, Psaras G, IKram F. The relationship
between alkaline phosphate activity and intracellular lipid accumulation in
murine 3T3-L1 cells and human preadipocytes. Anal Biochem 354: 247–
254, 2006.

3. Arimura N, Horiba T, Imagawa M, Shimizu M, Sato R. The peroxi-
some proliferator-activated receptor gamma regulates expression of the
perilipin gene in adipocytes. J Biol Chem 279: 10070–10076, 2004.

4. Barbee KA, Macarak EJ, Thibault LE. Strain measurements in cultured
vascular smooth muscle cells subjected to mechanical deformation. Ann
Biomed Eng 22: 14–22, 1994.

5. Be’ery-Lipperman M, Gefen A. Contribution of muscular weakness to
osteoporosis: computational and animal models. Clin Biomech 20: 984–
997, 2005.

6. Bost F, Aouadi M, Caron L, Binétruy B. The role of MAPKs in
adipocyte differentiation and obesity. Biochimie 87: 51–56, 2005.

7. Bost F, Caron L, Marchetti I, Dani C, le Marchand-Brustel Y,
Binetruy B. Retinoic acid activation of the ERK pathway is required for
embryonic stem cell commitment into the adipocyte lineage. Biochem J
361: 621–627, 2002.

8. Case N, Xie Z, Sen B, Styner M, Zou M, O’Conor C, Horowitz M,
Rubin J. Mechanical activation of 	-catenin regulates phenotype in adult
murine marrow-derived mesenchymal stem cells. J Orthop Res 28: 1531–
1538, 2010.

9. Cinti S. The adipose organ. Prostaglandins Leukot Essent Fatty Acids 73:
9–15, 2005.

10. Coppack SW. Adipose tissue changes in obesity. Biochem Soc Trans 33:
1049–1052, 2005.

11. Crossno JT, Majka SM, Grazia T, Gill RG, Klemm DJ. Rosiglitazone
promotes development of a novel adipocyte population from bone mar-
row-derived circulating progenitor cells. J Clin Invest 116: 3220–3228,
2006.

12. David V, Martin A, Lafage-Proust MH, Malaval L, Peyroche S, Jones
DB, Vico L, Guignandon A. Mechanical loading down-regulates perox-

C439STRETCHING ACCELERATES LIPID PRODUCTION BY ADIPOCYTES

AJP-Cell Physiol • doi:10.1152/ajpcell.00167.2011 • www.ajpcell.org

 by 10.220.33.2 on July 20, 2017
http://ajpcell.physiology.org/

D
ow

nloaded from
 

http://ajpcell.physiology.org/


isome proliferator-activated receptor � in bone marrow stromal cells and
favors osteoblastogenesis at the expense of adipogenesis. Endocrinology
148: 2553–2562, 2007.

13. Elsner JJ, Gefen A. Is obesity a risk factor for deep tissue injury in
patients with spinal cord injury? J Biomech 41: 3322–3331, 2008.

14. Engelman JA, Berg AH, Lewis RY, Lisanti MP, Scherer PE. Tumor
necrosis factor alpha-mediated insulin resistance, but not dedifferentiation,
is abrogated by MEK1/2 inhibitors in 3T3-L1 adipocytes. Mol Endocrinol
14: 1557–1569, 2000.

15. Fasshauer M, Klein J, Neumann S, Eszlinger M, Paschke R. Adiponec-
tin gene expression is inhibited by beta-adrenergic stimulation via protein
kinase A in 3T3-L1 adipocytes. FEBS Lett 507: 142–146, 2001.

16. Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends
in obesity among US adults, 1999–2008. JAMA 303: 235–241, 2010.

17. Font de Mora J, Porras A, Ahn N, Santos E. Mitogen-activated protein
kinase activation is not necessary for, but antagonizes, 3T3-L1 adipocytic
differentiation. Mol Cell Biol 17: 6068–6075, 1997.

18. Frayn KN, Karpe F, Fielding BA, Macdonald IA, Coppack SW.
Integrative physiology of human adipose tissue. Int J Obes 27: 875–888,
2003.

19. Fujishiro M, Gotoh Y, Katagiri H, Sakoda H, Ogihara T, Anai M,
Onishi Y, Ono H, Abe M, Shojima N, Fukushima Y, Kikuchi M, Oka
Y, Asano T. Three mitogen-activated protein kinases inhibit insulin
signaling by different mechanisms in 3T3-L1 adipocytes. Mol Endocrinol
17: 487–497, 2003.

20. Geddes DM, Cardill RS 2nd. An in vitro model of neural trauma: device
characterization and calcium response to mechanical stretch. J Biomech
Eng 123: 247–255, 2001.

21. Gerhold DL, Liu F, Jiang G, Li Z, Xu J, Lu M, Sachs JR, Bagchi A,
Fridman A, Holder DJ, Doebber TW, Berger J, Elbrecht A, Moller
DE, Zhang BB. Gene expression profile of adipocyte differentiation and
its regulation by peroxisome proliferator-activated receptor-gamma ago-
nists. Endocrinology 143: 2106–2118, 2002.

22. Goldspink G, Scutt A, Martindale J, Turay L, Gerlah GF. Stretch and
force generation induce rapid hypertrophy and myosin isoform gene
switching in adult skeletal muscle. Biochem Soc Trans 19: 368–373, 1991.

23. Goldspink G. Changes in muscle mass, phenotype, and the expression of
autocrine and systemic growth factors by muscle in response to stretch and
overload. J Anat 194: 323–334, 1999.

24. Grandolfo M, Calabrese A, D’Andrea P. Mechanism of mechanically
induced intercellular calcium waves in rabbit articular chondrocytes and in
HIG-82 synovial cells. J Bone Miner Res 13: 443–453, 1998.

25. Green H, Meuth M. An established pre-adipose cell line and its differ-
entiation in culture. Cell 3: 127–133, 1974.

26. Greenspan P, Mayer EP, Fowler SD. Nile Red: a selective fluorescent
stain for intracellular lipid droplets. J Cell Biol 100: 965–973, 1985.

27. Hara Y, Wakino S, Tanabe Y, Saito M, Tokuyama H, Washida N,
Tatematsu S, Yoshioka K, Homma K, Hasegawa K, Minakuchi H,
Fujimura K, Hosoya K, Hayashi K, Nakayama K, Itoh H. Rho and
Rho-kinase activity in adipocytes contributes to a vicious cycle in obesity
that may involve mechanical stretch. Sci Signal 4: ra3, 2011.

28. Harmon AW, Paul DS, Patel YM. MEK inhibitors impair insulin-
stimulated glucose uptake in 3T3-L1 adipocytes. Am J Physiol Endocrinol
Metab 287: E758–E766, 2004.

29. Hausman DB, DiGirolamo M, Bartness TJ, Hausman GJ, Martin RJ.
The biology of white adipocyte proliferation. Obes Rev 2: 239–254, 2001.

30. He H, Yang D, Ma L, Luo Z, Ma S, Feng X, Cao T, Yan Z, Liu D,
Tepel M, Zhu Z. Telmisartan prevents weight gain and obesity through
activation of peroxisome proliferator-activated receptor-delta-dependent
pathways. Hypertension 55: 869–879, 2010.

31. He J, Usui I, Ishizuka K, Kanatani Y, Hiratani K, Iwata M, Bukhari
A, Haruta T, Sasaoka T, Kobayashi M. Interleukin-1alpha inhibits
insulin signaling with phosphorylating insulin receptor substrate-1 on
serine residues in 3T3-L1 adipocytes. Mol Endocrinol 20: 114–124, 2006.

32. Hossain MG, Iwata T, Mizusawa N, Shima SW, Okutsu T, Ishimoto
K, Yoshimoto K. Compressive force inhibits adipogenesis through COX-
2-mediated down-regulation of PPARgamma2 and C/EBPalpha. J Biosci
Bioeng 109: 297–303, 2010.

33. Hu E, Kim JB, Sarraf P, Spiegelman BM. Inhibition of adipogenesis
through MAP kinase-mediated phosphorylation of PPAR�. Science 274:
2100–2103, 1996.

34. Huang H, Kamm RD, Lee RT. Cell mechanics and mechanotransduc-
tion: pathways, probes, and physiology. Am J Physiol Cell Physiol 287:
C1–C11, 2004.

35. Huang SC, Wu TC, Yu HC, Chen MR, Liu CM, Chiang WS. Me-
chanical strain modulates age-related changes in the proliferation and
differentiation of mouse adipose-derived stromal cells. BMC Cell Biol 11:
18, 2010.

36. Jacobs CR, Temiyasathit S, Castillo AB. Osteocyte mechanobiology
and pericellular mechanics. Annu Rev Biomed Eng 12: 369–400, 2010.

37. Jalali S, Li YS, Sotoudeh M, Yuan S, Li S, Chien S, Shyy JY. Shear
stress activates p60src-Ras-MAPK signaling pathways in vascular endo-
thelial cells. Arterioscler Thromb Vasc Biol 18: 227–234, 1998.

38. Kershaw EE, Schupp M, Guan HP, Gardner NP, Lazar MA, Flier JS.
PPAR� regulates adipose triglyceride lipase in adipocytes in vitro and in
vivo. Am J Physiol Endocrinol Metab 293: E1736–E1745, 2007.

39. Kim SW, Muise AM, Lyons PJ, Ro HS. Regulation of adipogenesis by
a transcriptional repressor that modulates MAPK activation. J Biol Chem
276: 10199–10206, 2001.

40. Klemm DJ, Leitner JW, Watson P, Nesterova A, Reusch JE, Goal-
stone ML, Draznin B. Insulin-induced adipocyte differentiation. Activa-
tion of CREB rescues adipogenesis from the arrest caused by inhibition of
prenylation. J Biol Chem 276: 28430–28435, 2001.

41. Kook SH, Jang YS, Lee JC. Involvement of JNK-AP-1 and ERK-NF-�B
signaling in tension-stimulated expression of type I collagen and MMP-1
in human periodontal ligament fibroblasts. J Appl Physiol 111: 1575–
1583, 2011. doi:10.1152/japplphysiol.00348.2011.

42. Kralisch S, Klein J, Lossner U, Bluher M, Paschke R, Stumvoll M,
Fasshauer M. Interleukin-6 is a negative regulator of visfatin gene
expression in 3T3-L1 adipocytes. Am J Physiol Endocrinol Metab 289:
E586–E590, 2005.

43. Landrier JF, Gouranton E, El Yazidi C, Malezet C, Balaguer P, Borel
P, Amiot MJ. Adiponectin expression is induced by vitamin E via a
peroxisome proliferator-activated receptor gamma-dependent mechanism.
Endocrinology 150: 5318–5325, 2009.

44. Lazar DF, Wiese RJ, Brady MJ, Mastick CC, Waters SB, Yamauchi
K, Pessin JE, Cuatrecasas P, Saltiel AR. Mitogen-activated protein
kinase kinase inhibition does not block the stimulation of glucose utiliza-
tion by insulin. J Biol Chem 270: 20801–20807, 1995.

45. Lee AA, Delhaas T, Waldman LK, MackKenna DA, Villarreal FJ,
McCulloch AD. An equibiaxial strain for cultured cells. Am J Physiol Cell
Physiol 271: C1400–C1408, 1996.

46. Lehrke M, Lazar MA. The many faces of PPARgamma. Cell 123:
993–999, 2005.

47. Linder-Ganz E, Shabshin N, Itzchak Y, Gefen A. Assessment of
mechanical conditions in sub-dermal tissues during sitting: a combined
experimental-MRI and finite element approach. J Biomech 40: 1443–1454,
2007.

48. Linder-Ganz E, Shabshin N, Itzchak Y, Yizhar Z, Siev-Ner I, Gefen A.
Strains and stresses in sub-dermal tissues of the buttocks are greater in
paraplegics than in healthy during sitting. J Biomech 41: 567–580, 2008.

49. Liu J, Zhao Z, Li J, Zou L, Shuler C, Zou Y, Huang X, Li M, Wang
J. Hydrostatic pressures promote initial osteodifferentiation with ERK1/2
not p38 MAPK signaling involved. J Cell Biochem 107: 224–232, 2009.

50. Lizcano F, Romero C, Vargas D. Regulation of adipogenesis by nuclear
receptor PPAR� is modulated by the histone demethylase JMJD2C. Genet
Mol Biol 34: 19–24, 2011.

51. MacDougald OA, Mandrup S. Adipogenesis: forces that tip the scales.
Trends Endocrinol Metab 13: 5–11, 2002.

52. Machinal-Quelin F, Dieudonne MN, Leneveu MC, Pecquery R, Giu-
dicelli Y. Proadipogenic effect of leptin on rat preadipocytes in vitro:
activation of MAPK and STAT3 signaling pathways. Am J Physiol Cell
Physiol 282: C853–C863, 2002.

53. Main ML, Rao SC, O’Keefe JH. Trends in obesity and extreme obesity
among US adults. JAMA 303: 1695–1696, 2010.

54. Martineau LC, Gardiner PF. Insight into skeletal muscle mechanotrans-
duction: MAPK activation is quantitatively related to tension. J Appl
Physiol 91: 693–702, 2001.

55. Mistry T, Digby JE, Desai KM, Randeva HS. Obesity and prostate
cancer: a role for adipokines. Eur Urol 52: 46–53, 2007.

56. Or-Tzadikario S, Gefen A. Confocal-based cell-specific finite element
modeling extended to study variable cell shapes and intracellular struc-
tures: the example of the adipocyte. J Biomech 44: 567–573, 2011.

57. Or-Tzadikario S, Sopher R, Gefen A. Quantitative monitoring of lipid
accumulation over time in cultured adipocytes as function of culture
conditions: toward controlled adipose tissue engineering. Tissue Eng Part
C Methods 16: 1167–1181, 2010.

C440 STRETCHING ACCELERATES LIPID PRODUCTION BY ADIPOCYTES

AJP-Cell Physiol • doi:10.1152/ajpcell.00167.2011 • www.ajpcell.org

 by 10.220.33.2 on July 20, 2017
http://ajpcell.physiology.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1152/japplphysiol.00348.2011
http://ajpcell.physiology.org/


58. Perozo E, Kloda A, Cortes DM, Martinac B. Physical principles
underlying the transduction of bilayer deformation forces during
mechonosensitive channel gating. Nat Struct Biol 9: 696–703, 2002.

59. Prusty D, Park BH, Davis KE, Farmer SR. Activation of MEK/ERK
signaling promotes adipogenesis by enhancing peroxisome proliferator-
activated receptor gamma (PPARgamma) and C/EBPalpha gene expres-
sion during the differentiation of 3T3-L1 preadipocytes. J Biol Chem 277:
46226–46232, 2002.

60. Ramírez-Zacarías JL, Castro-Muñozledo F, Kuri-Harcuch W. Quan-
titation of adipose conversion and triglycerides by staining intracytoplas-
mic lipids with Oil Red O. Histochemistry 97: 493–497, 1992.

61. Sen B, Styner M, Xie Z, Case N, Rubin CT, Rubin J. Mechanical
loading regulates NFATc1 and beta-catenin signaling through a GSK3beta
control node. J Biol Chem 284: 34607–34617, 2009.

62. Sen B, Xie Z, Case N, Ma M, Rubin C, Rubin J. Mechanical strain
inhibits adipogenesis in mesenchymal stem cells by stimulating a durable
beta-catenin signal. Endocrinology 149: 6065–6075, 2008.

63. Sen B, Xie Z, Case N, Styner M, Rubin CT, Rubin J. Mechanical signal
influence on mesenchymal stem cell fate is enhanced by incorporation of
refractory periods into the loading regimen. J Biomech 44: 593–599, 2011.

64. Shimba S, Wada T, Tezuka M. Arylhydrocarbon receptor (AhR) is
involved in negative regulation of adipose differentiation in 3T3-L1 cells:
AhR inhibits adipose differentiation independently of dioxin. J Cell Sci
114: 2809–2817, 2001.

65. Shoham N, Gefen A. Stochastic modeling of adipogenesis in 3T3-L1
cultures to determine probabilities of events in the cell’s life cycle. Ann
Biomed Eng 39: 2637–2653, 2011.

66. Skerry TM, Bitensky L, Chayen J, Lanyon LE. Early strain-related
changes in enzyme activity in osteocytes following bone loading in vivo.
J Bone Miner Res 4: 783–788, 1989.

67. Skurk T, Alberti-Huber C, Herder C, Hauner H. Relationship between
adipocyte size and adipokine expression and secretion. J Clin Endocrinol
Metab 92: 1023–1033, 2007.

68. Slomka N, Or-Tzadikario S, Sassun D, Gefen A. Membrane-stretch-
induced cell death in deep tissue injury: computer model studies. Cell Mol
Bioeng 2: 118–132, 2009.

69. Smith SA. Peroxisome proliferator-activated receptors and the regulation
of mammalian lipid metabolism. Biochem Soc Trans 30: 1086–1090,
2002.

70. Sopher R, Nixon J, Gorecki C, Gefen A. Exposure to internal muscle
tissue loads under the ischial tuberosities during sitting is elevated at
abnormally high or low body mass indices. J Biomech 43: 280–286, 2010.

71. Sotoudeh M, Jalali S, Usami S, Shyy JY, Chien S. A strain device
imposing dynamic and uniform equi-biaxial strain to cultured cells. Ann
Biomed Eng 26: 181–189, 1998.

72. Tanabe Y, Koga M, Saito M, Matsunaga Y, Nakayama K. Inhibition of
adipocyte differentiation by mechanical stretching through ERK-mediated
downregulation of PPARgamma2. J Cell Sci 117: 3605–3614, 2004.

73. Tanabe Y, Matsunaga Y, Saito M, Nakayama K. Involvement of
cyclooxygenase-2 in synergistic effect of cyclic stretching and eicosapen-
taenoic acid on adipocyte differentiation. J Pharm Sci 106: 478–484,
2008.

74. Tirkkonen L, Halonen H, Hyttinen J, Kuokkanen H, Sievänen H,
Koivisto AM, Mannerström B, Sándor GK, Suuronen R, Miettinen S,
Haimi S. The effects of vibration loading on adipose stem cell number,
viability and differentiation towards bone-forming cells. J R Soc Interface
8: 1736–1747, 2011.

75. Tontonoz P, Hu E, Spiegelman BM. Regulation of adipocyte gene
expression and differentiation by peroxisome proliferator activated recep-
tor gamma. Curr Opin Genet Dev 5: 571–576, 1995.

76. Trujillo ME, Scherer PE. Adipose tissue-derived factors: impact on
health and disease. Endocr Rev 27: 762–778, 2006.

77. Turner NJ, Jones HS, Davies JE, Canfield AE. Cyclic stretch-induced
TGF	1/Smad signaling inhibits adipogenesis in umbilical cord progenitor
cells. Biochem Biophys Res Commun 377: 1147–1151, 2008.

78. Wang JH, Thampatty BP. An introductory review of cell mechanobiol-
ogy. Biomech Model Mechanobiol 5: 1–16, 2006.

79. Zhang B, Berger J, Zhou G, Elbrecht A, Biswas S, White-Carrington
S, Szalkowski D, Moller DE. Insulin- and mitogen-activated protein
kinase-mediated phosphorylation and activation of peroxisome prolifera-
tor-activated receptor gamma. J Biol Chem 271: 31771–31774, 1996.

C441STRETCHING ACCELERATES LIPID PRODUCTION BY ADIPOCYTES

AJP-Cell Physiol • doi:10.1152/ajpcell.00167.2011 • www.ajpcell.org

 by 10.220.33.2 on July 20, 2017
http://ajpcell.physiology.org/

D
ow

nloaded from
 

http://ajpcell.physiology.org/

